Though steroid withdrawal is done in many renal transplant recipients, some patients must restart steroids. Little report has investigated steroid withdrawal under pharmacodynamic monitoring. We assessed lymphocyte sensitivity to endogenous cortisol as a biomarker for determining the safety of steroid withdrawal in renal transplant patients, as we hypothesized that patients hyposensitive to cortisol could not be sufficiently immunosuppressed by their intrinsic cortisol as a substitute for the reduced or withdrawn steroid. Lymphocyte sensitivity to cortisol was examined in 30 long stable renal transplant recipients. Lymphocyte sensitivity to cortisol and its relationship with the clinical outcome after steroid reduction and withdrawal was investigated. The lymphocyte sensitivities to cortisol were estimated as IC 50 of lymphocyte blastogenesis. The lymphocyte proliferation rate for concentration of serum cortisol compared between incident and non-incident groups. Serum creatinine levels (SCr) increased in a significantly higher number of patients hyposensitive to cortisol (IC 50 м м10000 ng/ml) than in normally sensitive patients (IC 50 Ͻ Ͻ10000 ng/ml). The incidences of steroid withdrawal syndrome and necessity for increasing steroid dose or restarting steroid administration were also higher in the patients hyposensitive to cortisol. The patients in whom the lymphocyte proliferation rate was less than 60% did not show increase in S-Cr, experience steroid withdrawal symptoms, or require an increase in the steroid dose or restart of steroid administration. The patients who have the normal IC 50 values of cortisol, can withdraw steroid more safely. The lymphocyte sensitivity to cortisol may be a useful biomarker for selecting patients who can sustain steroid withdrawal.
Although acute rejection episodes in the early phase of renal transplants have considerably decreased since the development of basiliximab, 1, 2) the adverse events associated with the long-term use of immunosuppressive drugs still exist. 3, 4) Decreasing these adverse events is a major goal in the treatment of transplant recipients. It is believed that the steroids in maintenance immunosuppressive drugs produce severe adverse events most associated with morbidity, such as cardiovascular disease, 3) and therefore, the use of steroids is withdrawn for many renal transplant recipients. 5) However, steroids need to be restarted to prevent the worsening of renal function because of acute rejection episodes in some patients [6] [7] [8] [9] or in patients who experience steroid withdrawal syndrome. Currently, there are no indicators to predict which patients can sustain steroid withdrawal.
In our previous report, we found that lymphocyte sensitivity to steroids in vitro evaluated before transplantation is closely related to the clinical efficacy of the drugs. 10, 11) Then, we focused on the lymphocyte sensitivity to endogenous cortisol after steroid reduction as a biomarker for determining the safety of steroid withdrawal. As patients hyposensitive to cortisol are suggested not to be sufficiently immunosuppressed by their intrinsic cortisol as a immunosuppressive substitute for the reduced or withdrawn steroid, we hypothesized in the present study that cortisol hyposensitive patients will not be withdrawn steroid safely. For this, we measured the lymphocyte sensitivity to cortisol, administered steroids, and calcineurin inhibitors (CNIs) in long-term stable renal transplant patients, and retrospectively investigated the relationship between this lymphocyte sensitivity and the clinical outcome after steroid reduction and ultimately, withdrawal.
MATERIALS AND METHODS

Subjects
This study was approved by the Ethical Committee of Hachioji Medical Center, Tokyo Medical University, and informed consent was obtained from all patients. This study was performed from July 2008 to December 2009. Lymphocyte sensitivity to cortisol, administered steroids, and CNI was examined in 30 renal transplant recipients aged median of 49.5 years (interquartile range, 37.75 to 63.5) (14 males and 16 females). The mean body weight of the patients was median of 55.0 kg (interquartile range, 44.0 to 64.0). Of these, 22 patients had received renal grafts from living related donors, and 8, from a cadaver donor; 28 patients had received transplants from ABO-compatible donors, and 2, from ABO-incompatible donors; and 26 patients had received their first allograft transplant and 4, the second one. Table 1 .
Immunosuppressive Therapy Imuunosuppressive induction therapy and maintenance immunosuppressive therapy were carried out based on steroid, CNI, and antimetabolic drugs as shown in Table 1 .
At the time of measuring lymphocyte sensitivity, steroids were being administered to 24 patients and had been discontinued for 6 patients. The steroids were methylprednisolone (given to 25 patients) and prednisolone (given to 5 patients). When converted to methylprednisolone equivalents, the doses given to patients in whom steroids were being reduced were less than 6 mg/d, and the mean dose of steroids was median of 2.0 mg/d (interquartile range, 0.75 to 2.5). The CNIs administered were cyclosporine (CYA) given to 20 patients and tacrolimus (TAC) given to 10 patients. The mean blood trough concentration of CYA was median of 33.5 ng/ml (interquartile range, 22 to 59.8). and that of TAC was median of 5.2 ng/ml (interquartile range, 3.6 to 5.9). The antimetabolite drugs mycophenolate mofetil, azathioprine, mizoribine, and a non-antimetabolite drug were given to 15, 9, 5, and 1 patients, respectively. No patients were administered rituximab.
Lymphocyte Sensitivity to Steroids and CNIs 10, 11) Venous blood was taken from each patient at 8:00 a.m. before taking the immunosuppressive drugs and heparinized. The heparinized blood (10 ml) was layered on 3 ml of Ficoll-Hypaque solution and centrifuged at 1300ϫg for 15 min, and the peripheral blood mononuclear cells (PBMCs), including the lymphocytes, were separated. The cells were washed and resuspended in RPMI 1640 medium, containing 10% fetal calf serum, 100000 IU/l penicillin G, and 100 mg/l streptomycin, to a final density of 1ϫ10 6 cells/l. The prepared cell suspension (200 ml) was placed in 96 flat-bottom wells of a microtiter plate. Concanavalin A was added to each well as the mitogen, to achieve a final concentration of 5.0 mg/ml. Subsequently, 4 ml of an ethanol solution containing cortisol, methylprednisolone, or CNIs was added to the wells to give a final concentration of 0.01, 0.1, 1, 10, 100, 1000, 10000 mg/l; to the control well, 4 ml of ethanol was added. The plate was incubated for 96 h at 37°C in a humidified chamber containing 5% CO 2 /air. The cells were pulsed with 18.5 kBq/well of [ 3 H]thymidine for the last 16 h of incubation, collected on a glass-fiber filter paper by using a multiharvester, and dried. The radioactivity on the filter paper was further processed for liquid scintillation counting. We determined the mean of the triplicate counts obtained for each sample. The concentration of the agent that could inhibit 50% of lymphocyte mitosis (IC 50 ) was determined from the concentration-response curve.
As we have little data on lymphocyte sensitivities to immunosuppressive drugs in patients exposed to immunosuppressive drugs after renal transplantation, we have measured lymphocyte sensitivities to steroids (methylprednisolone) before and after renal transplantation at 3 year intervals in 2 patients with stable allograft function after renal transplantation (data not shown). In these recipients, lymphocyte sensitivities (IC 50 values) to methylprednisolone did not change, nevertheless calcineurin inhibitor, steroid, and antimetabolites have been administered.
Measurements of Serum Cortisol and Blood CNI Concentration For measuring serum cortisol concentration and blood CNI concentration, venous blood (3 ml) was collected at 8:00 a.m. before oral administration of the medicines. Steroids were administered once a day in the morning, and the serum cortisol concentration was measured by radioimmunoassay. CNIs were given in equally divided doses of either CYA or TAC twice daily, 30 min after meals. The CYA concentrations were measured by fluorescence polarization immunoassay, and the TAC concentrations were measured by 50 values of cortisol, steroids, and CNIs, and the clinical outcome after steroid reduction and withdrawal was retrospectively compared between these groups. The clinical outcome after steroid reduction and withdrawal was evaluated by determining the number of patients in whom serum creatinine (S-Cr) increased, the number who experienced steroid withdrawal syndrome, and the number for whom the steroid dose was increased or steroid administration was restarted after steroid reduction and withdrawal. We implied that the patient in whom S-Cr increased to level more than 0.2 mg/dl under S-Cr monitoring at least 2 times per a month before and after steroid reduction and withdrawal had reduced renal function. Steroid withdrawal syndrome was evaluated on the basis of episodes of arthralgia, myalgia, fervescence, anorexia, nausea, sleepiness, headache, and stagger.
Concentration-Lymphocyte Proliferation Rate Curve Based on Pharmacokinetic/Pharmacodynamic Analysis
The relationship between the cortisol concentration-lymphocyte proliferation rate curve and serum cortisol concentration was analyzed for all patients. We calculated the lymphocyte proliferation rates for serum cortisol concentration of each patient, and compared this rate between the incident and nonincident groups. Additionally, cortisol concentration-lymphocyte proliferation rate curve was compared between patients normally sensitive and hyposensitive to cortisol within the normal range of cortisol concentration.
Statistical Analysis We used Fisher's exact probability test to compare normal and hyposensitive patients. The Wilcoxon signed rank test was used to compare the lymphocyte proliferation rates between the incident and non-incident groups. These analyses were performed using Statview. In each case, pϽ0.05 was considered to be significant.
RESULTS
Normal Range of Lymphocyte Sensitivity to Steroids and CNIs
The IC 50 values (median (range)) for the immunosuppressive drugs examined in the recipients were as follows: cortisol, 1470 ng/ml (2-10000 ng/ml) (nϭ30); methylprednisolone, 28.1 ng/ml (0.74-1442.7 ng/ml) (nϭ 25); prednisolone, 199.6 ng/ml (36.1-6485.7 ng/ml) (nϭ5); CYA, 10.1 ng/ml (0.1-36.2 ng/ml) (nϭ20); and TAC, 0.10 ng/ml (0.02-0.42 ng/ml) (nϭ10). The cutoff points for methylprednisolone, prednisolone, CYA, and TAC were defined as the average plus 2 standard deviations (S.D.) of the respective log IC 50 values estimated in healthy subjects. 10) Except for cortisol IC 50 values, all laboratory test IC 50 values, obtained using conventional methods, showed logarithmic normal distribution. Patients in whom the IC 50 was less than the cutoff point were classified into the normally sensitive group, and those in whom IC 50 was more than the cutoff point were classified into the hyposensitive group. The cutoff points of IC 50 were 120 ng/ml for methylprednisolone, 446 ng/ml for prednisolone, 58.5 ng/ml for CYA, and 0.85 ng/ml for TAC, respectively. The cutoff point of cortisol IC 50 was fixed at 10000 ng/ml, which can clearly separate patients into the hyposensitive and normally sensitive groups as shown in Fig. 1 . In this report, we used "incident group" to refer to patients in whom the S-Cr levels increased, who experienced steroid withdrawal syndrome, or for whom the steroid dose was increased or steroid administration restarted and "nonincident group" to refer to patients who did not fall into either of these categories.
Relationship between IC 50 Values of Cortisol and Clinical Outcome after Steroid Reduction and Withdrawal
The patient profiles, immunosuppressive therapy, serum cortisol concentration, blood CNI concentration, immunological factors shown in Table 1 , and other administered drugs were not significantly different between patients normally sensitive (nϭ19) and hyposensitive to cortisol (nϭ11). The relationship between lymphocyte sensitivity to cortisol and the clinical outcome is shown in Table 2 . S-Cr levels did not increase in patients normally sensitive to cortisol (nϭ19); however, they increased in a significant number of patients hyposensitive to cortisol (5 of 11 patients) (pϽ0.005). Steroid withdrawal syndrome was observed in a significantly higher number of patients hyposensitive to cortisol (4 of 11 patients) than in those normally sensitive to cortisol (1 of 19 patients) (pϽ0.05). Correspondingly, the steroid dose was increased 1580 Vol. 34, No. 10 Fisher's exact probability test.
or steroids were restarted in a significantly higher number of patients in the hyposensitive group (7 of 11 patients) than in the normally sensitive group (1 of 19 patients) (pϽ0.005). The serum cortisol concentration recovered to within the normal range in all but 1 patient. There was no significant relationship between serum cortisol concentration and the clinical outcome after steroid reduction and withdrawal. Reduction and withdrawal of steroids was unsuccessful in 8 patients because of an increase in the S-Cr level or the occurrence of withdrawal syndrome (Table 3) . Except for case 2, these patients belonged to the cortisol-hyposensitive group (IC 50 Ն10000 ng/ml). Only case 5 of the patients in which steroid reduction and withdrawal did not succeed was a secondary transplant recipient and there were no ABO incompatible transplant patients among them.
The duration of increase in the S-Cr levels after steroid reduction and withdrawal was 2-4 months in all patients. In all patients, the clinical symptom of steroid withdrawal syndrome was arthralgia, which resolved after restarting steroid administration.
Relationship between IC 50 Values of Administered Steroids and CNIs and Clinical Outcome after Steroid Reduction and Withdrawal
The number of patients in whom the S-Cr levels increased, who experienced steroid withdrawal syndrome, and for whom the steroid dose was increased or steroid administration restarted was not significantly different between patients normally sensitive and hyposensitive to methylprednisolone (Table 4) . We could not statistically analyze the number of patients administered prednisolone because of an insufficient number of cases (nϭ5). Further, we could not determine whether lymphocyte sensitivity to CYA and TAC was related to clinical outcome, because all of the patients administered CYA (nϭ20) or those administered TAC (nϭ10) were normally sensitive to CYA or TAC, respectively.
Comparison of the Lymphocyte Proliferation Rate for Each Concentration of Serum Cortisol between Incident and Non-incident Groups
We compared the lymphocyte proliferation rate for each concentration of serum cortisol in each patient between the incident and non-incident groups (Fig. 2) . Though the lymphocyte proliferation rates were not significant differences in patients in whom the S-Cr levels increased (99.1Ϯ32.6% vs. 64.4Ϯ33.2%), in patients who experienced steroid withdrawal syndrome (86.0Ϯ25.1% vs. 63.9Ϯ36.3%), and in patients in whom the steroid dose was increased or steroid administration was restarted (93.6Ϯ 32.0% vs. 64.3Ϯ33.9%) between the incident and non-incident groups, the patients in whom the lymphocyte proliferation rate was less than 60% did not show increase in S-Cr levels, experience steroid withdrawal symptoms, or require an increase in the steroid dose or restart of steroid administration.
Comparison of the Lymphocyte Proliferation Rate for Each Concentration of Serum Cortisol between Normally Sensitive and Hyposensitive Groups
The average cortisol concentration-lymphocyte proliferation rate curves for the normally sensitive and hyposensitive groups, and the normal range of serum cortisol concentration (shadow area) are shown in Fig. 3 .
With the lower normal limit of serum cortisol, the average lymphocyte proliferation rates were 65.1% for the normally sensitive group and 101.0% for the hyposensitive group. The difference in the lymphocyte proliferation rates was 36.0% between the normally sensitive and hyposensitive groups. With the upper normal limit, the average lymphocyte proliferation rates were 48.0% for the normally sensitive group and 95.9% for the hyposensitive group, and the difference in lymphocyte proliferation rates between these groups was 47.9%. Furthermore, the averages of lymphocyte proliferation rates for each serum cortisol concentration were 54.6Ϯ 31.3% for the normally sensitive group and 97.0Ϯ23.4% for the hyposensitive group ( pϽ0.001).
DISCUSSION
Steroid withdrawal after renal transplantation has been attempted in recent times. Steroid withdrawal poses no problems to some patients. However, in some patients, it is necessary to restart steroid administration in order to maintain renal function and prevent acute rejection. [6] [7] [8] [9] In the Cochrane review, Pascual et al. reported that although steroid avoidance and steroid withdrawal strategies after kidney transplantation were not associated with increased mortality or graft loss, they did increase acute rejection. 5) Even now, steroid withdrawal does not have a satisfactory outcome after renal transplantation. [6] [7] [8] [9] [12] [13] [14] Currently, there are no indicators to predict which patients can withdraw steroid safely. Only one study has investigated steroid withdrawal based on pharmacodynamic methods and suggested that the number of donor-specific cytotoxic T lymphocytes increases in the presence of prednisolone in patients who experience acute rejec- The incident group included patients in whom the S-Cr or BUN levels increased, who experienced steroid withdrawal syndrome, or for whom the steroid dose was increased or steroid administration restarted and non-incident group included patients who did not fall into either of these categories. tion after steroid withdrawal. 15) We have demonstrated that the lymphocyte sensitivity, as assessed by the IC 50 value, to prednisolone or CYA is significantly associated with the clinical outcomes of acute rejection 10) or graft survival.
11) The accuracy and repeatability of this assay have been evaluated to be clinically applicable, as we reported previously (ref. 10) . Consequently, we assessed lymphocyte sensitivity to endogenous cortisol as a biomarker of steroid withdrawal. We hypothesized that, as the patients hyposensitive to cortisol could not be sufficiently immunosuppressed by their intrinsic cortisol as a immunosuppressive substitute for the reduced or withdrawn steroid, cortisol-hyposensitive patients could not withdraw steroid safety. We found that a significantly higher number of cortisol-hyposensitive patients experienced an increase in S-Cr levels, withdrawal syndrome, and required an increase in the steroid dose or restart of steroid administration. We considered from these observations that investigating the lymphocyte sensitivity to cortisol before reducing and withdrawing steroids might be useful to predict the safety of steroid withdrawal.
The lymphocyte proliferation rates were higher in the incident group than the non-incident group. Within the normal range of serum cortisol concentration, these rates differed by 36.0-47.9% between patients normally sensitive and hyposensitive to cortisol. These results suggest that S-Cr increased because the immunosuppressive efficacy was insufficient in hyposensitive patients. It is unclear why steroid withdrawal syndrome was experienced by a significantly higher number of cortisol-hyposensitive patients; from a cortisol pharmacokinetic point of view, it was considered that steroid withdrawal syndrome is caused by absolute or relative absence of cortisol in the target tissue of the steroid. However, it could be regarded that there would be sufficient amount of cortisol in the articular target tissue, for cortisol concentrations were in a normal range in all patients with arthralgia. From a cortisol pharmadynamic point of view, cortisol sensitivity in the target tissue is possibly influence steroid withdrawal syndrome. The cortisol hyposensitive patients may require higher amount of steroid to prevent the onset of arthralgia than the normally sensitive patients.
In pharmacodynamic/pharmacokinetic data as shown in Fig. 2 , patients in whom the lymphocyte proliferation rate for each concentration of serum cortisol in each patient was less than 60% did not show an increase in S-Cr levels, experience steroid withdrawal symptoms, or required an increase in the steroid dose or restart of steroid administration. This indicates that if the lymphocyte proliferation rate is less than 60%, the patient might be able to withstand steroid reduction and withdrawal. Even the IC 50 values (pharmacodynamic data shown in Table 2 ) taken alone might be useful biomarkers to select patients in whom steroids can be withdrawn.
We hypothesized that the patients with high lymphocyte sensitivity to administered steroids would be easy to reduce to the lower steroid dose to decrease in the threshold level of steroid efficacy. However, lymphocyte sensitivity to administered steroid (methylprednisolone) was not significantly associated with the clinical outcome after steroid reduction. This may be because the individual difference in the IC 50 value of methylprednisolone (0.74-1442.70 ng/ml) was smaller than that in the IC 50 of cortisol (2-10000 ng/ml).
As this study was performed retrospectively, prospective investigation for the relationship between lymphocyte sensitivity to cortisol and clinical outcome in early steroid withdrawal patients, from 2 weeks to 2 months after transplant operation, would be the next issue.
We found that the lymphocyte sensitivity to cortisol could be a important pharmacodynamic factor for steroid withdrawal in renal transplant recipients undergoing long term steroid therapy. Our data also suggested that the lymphocyte sensitivity to endogenous cortisol may be in the normal range if steroids are to be withdrawn more safely because cortisol acts as a substitute for the reduced and withdrawn steroid. Thus, we considered from these observations that the lymphocyte sensitivity to cortisol would be useful for selecting patients for whom steroids should be withdrawn, and as a biomarker to safely reduce and withdraw steroids.
